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Highlights: 

• The OH/Ag ratio is a key parameter determining catalytic activity of Ag/SiO2 

• The OH/Ag ratio affects dispersion and defective structure of Ag NPs 

• Weakly bound oxygen species are highly active in CO oxidation at RT 

• Tentative scheme of CO oxidation at RT is proposed 

 

 

 
Abstract 

Combined application of TPx methods, H2-O2 titration, UV-vis DRS, TGA-DSC-MS, 

TEM, XRD, N2 adsorption at -196 °С allowed proving the OH/Ag molar ratio as the key parameter 

defining the catalytic properties of silica-supported silver (Ag/SiO2) in low-temperature CO 

oxidation. A new insight into the formation of active species on the catalyst surface is presented. 

In this study, Ag/SiO2 catalysts with Ag loading of 5 and 8 wt. % were prepared by incipient 

wetness impregnation method on the basis of commercial silicas 
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preliminary calcined at 500, 700 and 900 °C. Detailed characterization of catalysts by 

physicochemical methods revealed that molar ratio between the concentration of surface OH 

groups (normalized to support mass) and silver amount in the prepared catalysts (OH/Ag ratio) 

affects the silver dispersion, structure of silver nanoparticles (NPs) and their catalytic properties. 

Only at optimal value of OH/Ag ratio the silver NPs are stated to possess both high dispersion and 

defective multidomain structure (that consists of several nanodomains) providing the adsorption 

of weakly bound oxygen species responsible for high catalytic activity in CO oxidation at low-

temperature. Additionally, the co-existence of two types of active sites reacting with CO at room 

temperature with and without formation of adsorbed carbonate species is discussed. The first type 

of active sites was catalytically active in low-temperature CO oxidation with CO2 release at room 

temperature (RT). The second type may retain surface carbonate species up to ~ 40-50 °C. The 

balance between these species shifts towards the first type for the active catalyst. 

 

Keywords: CO oxidation, silver nanoparticles, silica surface, OH/Ag ratio 

 
1. Introduction 

The process of low-temperature CO oxidation has a large importance from 

both practical and theoretical points of view. Practical relevance is connected with 

air purification in devices for respiratory protection and protection of the 

environment from harmful emissions, neutralization of exhaust automotive gases 

during “cold start”, CO pollution control in the confined spaces (submarine, 

spacecraft, etc.), gas cleaning in CO2 lasers and designing of CO sensors [1, 2, 3, 4]. 

Theoretical importance is connected with investigation of reaction mechanisms of 

many oxidation processes as well as study of reactivity of active sites using CO 

oxidation as a model reaction [5, 6]. The most active catalysts containing noble 

metals (Pd, Pt, Rh, Au and their alloys) supported on transition metal oxides (CeO2, 

MnO2, TiO2, Fe2O3, etc.) are used for CO oxidation at ambient and ultra- low 

temperatures [7, 8, 9, 10, 11]. However, high costs of these catalysts limit their wide 

practical application. The silica-supported silver (Ag/SiO2) and Ag/SiO2 modified 

by transition metal oxides (Ag/MOx/SiO2) attract much attention as effective and 

relatively cheap catalysts for many oxidation reactions, particularly for deep 

oxidation of harmful air pollutants. The Ag/SiO2 catalysts were 



 

 

investigated in total formaldehyde oxidation [12,13 ,14 ,15 ], toluene oxidation [16], 

low-temperature CO oxidation [17, 18, 19, 20] and preferential CO oxidation in 

excess of hydrogen (PROX CO) [21,22 , 23, 24]. The nanostructured materials on 

the basis of silver nanoparticles/clusters/ions supported on silica modified by 

transition metal oxides have a wide application as catalysts for oxidation of volatile 

organic compounds (VOCs) [Error! Bookmark not defined., 25] and low- 

temperature CO oxidation [26], dehydrogenation and selective oxidation of alcohols 

[27’ 28, , 29,30 ], gas sensors [31], photocatalysts [32], etc. 

As known, the Ag/SiO2 catalysts are characterized by high activity and 

reaction stability in CO oxidation at ambient temperature [33, 34, 35]. Catalytic 

properties of the Ag/SiO2 catalyst in CO oxidation strongly depend on the silver 

loading [36], preparation conditions [3738, ], pretreatment conditions (inert or 

oxygen-containing atmosphere, temperature, etc.) [39, Error! Bookmark not 

defined., Error! Bookmark not defined.] and surface properties of support [40,41 

]. Usually high activity of Ag/SiO2 catalysts is attributed to subsurface oxygen [42], 

particle size [Error! Bookmark not defined., 43] and oxidized silver species (Ag+) 

[Error! Bookmark not defined.]. Zhang et al. [Error! Bookmark not defined.] 

investigated the effect of silver loading in detail. The Ag/SiO2 catalysts with Ag 

loading of 2, 4, 8, 12 and 16 wt. % were prepared by incipient impregnation method 

and tested in CO oxidation. A volcano-shape dependence of catalytic activity on the 

silver loading was observed. An increase of the silver loading in the catalysts from 

2 to 8 wt. % resulted in enhancement of catalytic performance. Further increase of 

the silver loading from 8 to 16 wt. % resulted in activity abatement. Thus, optimal 

silver loading was shown to be 8 wt. %. An oxidative pretreatment at 500 °C of the 

catalysts with 2 and 4 wt. % of silver resulted in formation of highly dispersed 

oxidized species. However, for the catalysts with 8, 12 and 16 wt. % of silver 

metallic nanoparticles with sizes of 8.2, 

13.5 and 15.8 nm were observed. Moreover, an increase of temperature of oxidative 

pretreatment from 500 to 600-700 °C led to increasing of Ag particle size and, as a 

consequence, to abatement of activity. Thus, the optimal temperature of 



 

 

oxidative pretreatment for Ag/SiO2 catalysts was 500 °C. The optimal temperature 

of reduction in the H2 atmosphere was also studied. A reduction of Ag/SiO2 catalysts 

at 200 °C resulted in formation of silver particles with optimal dispersion (4.5 nm) 

and the best catalytic performance in comparison with the catalysts with larger or 

smaller particle sizes. These data about particle size are in agreement with known 

literature data. For example, optimal Ag particle sizes for CO oxidation were 3-5 nm 

according to Yu [Error! Bookmark not defined.], and 4.5 nm according to [Error! 

Bookmark not defined.]. 

Different size-dependent effects are well known for metallic nanoparticles 

[44]. For example, the type of adsorbed oxygen species depends on the Ag particle 

sizes. Kibis et al. [45] reported that Ag particles with sizes of 5 nm and smaller 

stabilize the oxygen species with a binding energy of Eb(O1s)>530 eV, indicating 

the molecular oxygen type. An increasing of particle size leads to formation of 

strongly charged atomic oxygen (oxide-like species) with a binding energy of 

Eb(O1s)<529 eV. Moreover, silver particles with sizes above 5 nm were 

characterized by multidomain structure with high concentration of the intergrain 

boundaries. The authors proposed that the extended defects facilitate the adsorption 

of oxide-like oxygen on the silver surface. However, the nature and reaction ability 

of oxygen species adsorbed on the Ag/SiO2 surface depending on the Ag particle 

sizes and their structure were not investigated. 

Surface properties of silica seem to be one of the crucial factors defining the 

activity of the Ag/SiO2 catalyst in CO oxidation. However, it was not thoroughly 

studied in comparison with other factors. An effect of the calcination temperature 

of silica support on the size of silver particles and catalytic properties of Ag/SiO2 

catalyst was shown in [Error! Bookmark not defined.]. The Ag/SiO2 catalysts on 

the basis of silica pre-calcined at 550, 700, 900 and 950 °C were investigated. On 

the basis of 1H-NMR and XRD data the authors deduced that the interaction of silver 

species with the H-bonded silanol groups on the surface of non-calcined silica 

resulted in formation of relatively large Ag particles (13 nm) with low catalytic 

activity in the preferential CO oxidation, while the interaction of silver 



 

 

with isolated SiOH groups on the silica surface pre-calcined at 550 and 700 °C 

resulted in formation of smaller silver particles with improved catalytic 

performance. It was stated that the Ag/SiO2-700 catalyst had the highest activity due 

to high dispersion of silver particles. An increase of the pre-calcination temperature 

to up to 900 and 950 °C resulted in reduction of both dispersion of silver particles 

and the catalytic activity. However, the authors put out of account the properties, 

reaction ability and quantity of the active sites for different catalysts. High activity 

of Ag/SiO2-700 sample may be associated not only with a small size of Ag particles, 

but, for example, with higher reactivity of the active sites. Moreover, the sizes of Ag 

particles calculated from the XRD data using Scherrer’s equation may significantly 

differ from the real sizes due to the defective structure of the Ag particles (one 

particle may consist of several crystal nanodomains). 

Redispersing of silver particles supported on SiO2 under oxidative/reductive 

pretreatments was not investigated thoroughly. Qu et al. [46] studied a behavior of 

silica-supported Ag particles under the redox treatments at different temperatures 

(oxidation at 500 °C followed by reduction at 25-500 °C), however, there were no 

data about the effect of hydroxyl coverage on the redispersing of silver. 

Thus, in spite of numerous investigations an effect of silica surface properties 

(namely, concentration of ОН groups) on the formation of active sites and catalytic 

activity of Ag/SiO2 catalysts was not investigated systematically. It is necessary to 

obtain the quantitative relationship between catalytic properties of Ag/SiO2 catalyst 

and properties of silica support in order to design the highly effective catalyst for 

CO oxidation. Relationship between temperature of calcination of support and 

catalytic activity of the Ag/SiO2 catalysts proposed by Qu [Error! Bookmark not 

defined.] cannot be used for this purpose, since the concentration of the surface OH 

groups (mmol/g) depends on the preparation condition of silica and its surface area. 

In this work, for the first time, the ratio between the amount of OH groups 

(normalized to support mass) and silver loading in the prepared catalyst (OH/Ag 



 

 

ratio) was proposed as a crucial factor to achieve high activity of the Ag/SiO2 

catalyst. The purpose of the present research work is to study the influence of the 

OH/Ag ratio on the formation of active species and catalytic activity of the Ag/SiO2 

catalysts in CO oxidation. 

2. Experimental 

2.1. Catalyst preparation 

Commercial mesoporous silica (Salavat catalyst plant, Russia) was used as 

initial material to prepare the catalyst supports. To achieve the predominantly 

mesoporous structure without micropores an initial silica (fraction 1-2 mm) was 

subjected to hydrothermal treatment (HT) in ammonia solution at 120 °С for 3 h, 

then dried at 120 °С for 3 h. The obtained silica was divided into three parts and 

calcined at 500, 700 and 900 °С for 5 h (denoted as SiO2-500, SiO2-700 and SiO2-

900, respectively). 

The Ag/SiO2 catalysts were prepared by incipient wetness impregnation 

method using silver nitrate as a precursor. Then the samples were dried at 70 °С 

overnight. The catalysts were treated in air flow at 500 °С for 30 min and then in 

10% H2/Ar flow at 200 °С for 30 min prior to the catalytic experiment. The nominal 

amount of silver in the prepared catalysts was 5 and 8 wt. %. 

2.2. Catalytic activity tests 

Catalytic activity of samples in CO oxidation was tested in a flow fixed-bed 

reactor at atmospheric pressure in temperature-programmed reaction (TPR) mode. 

Experiments were performed using 0.1 g of catalyst and gas mixture containing 

1% CO+1% O2 in He (20 ml/min) and with a heating rate of 5 °C/min. Analysis of 

gas mixture was provided by quadrupole mass spectrometer UGA 300 (Stanford 

Research Systems, USA). 

2.3. Catalyst characterization 

The prepared catalysts were characterized by adsorption of N2 at -196 °С, 

powder X-ray diffraction (XRD), UV-visible diffuse reflectance electron 



 

 

spectroscopy (UV-visible DRS), temperature-programmed reduction (TPR), 

thermogravimetric analysis − differential scanning calorimetry − mass spectrometry 

(TGA-DSC-MS), temperature-programmed desorption of oxygen (TPD-O2), 

temperature programmed surface reaction of adsorbed carbon monoxide (TPSR-

CO), transmission electron microscopy (TEM) and H2-O2 titration methods. Silica 

supports were characterized by temperature-programmed desorption of water (TPD-

H2O) and adsorption of N2 at -196 °С. 

X-ray diffraction (XRD) patterns were recorded on MiniFlex 600 (Japan, 

Rigaku) diffractometer with monochromatized Cu-Kα radiation (=1.5418 Å) with 

a power setting of 40 kV and 15 mA. The XRD patterns were recorded in the range 

from 10° to 90° with a scan rate of 2°/min. 

TPR experiments were carried out using AutoChem HP chemisorption 

analyzer (Micromeritics, USA) equipped with thermal conductivity detector (TCD). 

The sample was oxidized in the air flow (20 ml/min) at 500 °С for 30 min prior to 

the TPR experiments. TPR experiments were performed in the temperature range 

from -50 to 700 °С at a heating rate of 10 °С/min using a 10% H2/Ar mixture (flow 

rate of 20 ml/min). 

The TGA-DSC-MS analysis of the Ag/SiO2 samples was performed using 

simultaneous thermal analyzer STA 449 F1 Jupiter (Netzsch-Geratebau GmbH, 

Germany) coupled with quadrupole mass-spectrometer QMS 403 D Aeolos 

(Netzsch-Geratebau GmbH, Germany). The samples (~10 mg) were placed into 

Al2O3 crucible and heated from 30 to 750 °С in O2+N2/Ar atmosphere with a total 

flow rate of 100 ml/min. 

To investigate the interaction of oxygen with silver surface TPD-O2 

experiments were carried out. The chemisorption analyzer Chemisorb 2750 

(Micromeritics, USA) coupled with the quadrupole mass spectrometer UGA-300 

was used. The samples were oxidized in the air flow (20 ml/min) at 500 °С. TPD 

experiments were carried out in the temperature range from 25 to 900 °С at a heating 

rate of 10 °С/min in He flow (20 ml/min). 



 

 

To investigate the interaction of CO molecule with the catalyst surface TPSR-

CO experiments were carried out using Chemisorb 2750 coupled with UGA-300. 

The samples were oxidized in the air flow (20 ml/min) at 500 °С followed by 

reduction in H2/Ar flow at 200 °С prior to the experiments. Then oxygen was 

adsorbed at 25 °С for 30 min (5% O2/He, 20 ml/min). Adsorption of CO was 

performed at -70 °С (5% CO/He, 20 ml/min). Then sample was purged with He and 

heated from -70 to 500 °С with a heating rate of 10 °С/min in He flow (20 ml/min). 

To investigate the surface properties of the prepared silica supports TPD-H2O 

experiments were carried out using AutoChem HP chemisorption analyzer. Prepared 

samples were immersed in distilled water and held at room temperature (RT) for 1 h 

and then dried at 70 °C overnight. The samples were outgassed in vacuum (10-2 Torr) 

at 200 °C for 2 h prior to the TPD experiments in order to remove physically 

adsorbed water [47]. TPD experiment was carried out in the temperature range from 

200 to 900 °С at a heating rate of 10 °С/min in He flow (flow rate of 20 ml/min). To 

prevent the condensation of water vapor all lines of the apparatus was heated up to 

110 °C. 

The surface area of the samples was measured by nitrogen sorption at 

-196 °С using TriStar II 3020 analyzer (Micromeritics, USA). All samples were 

outgassed (10-2 Torr) at 200 °C for 2 h prior to the experiments. The specific surface 

area was determined by applying the BET method. The pore size distribution was 

calculated from the desorption branch of the adsorption-desorption isotherm by the 

Barrett-Joyner-Halenda (BJH) method. 

UV-visible DR electron spectra were recorded with an Evolution 600 

spectrophotometer (Thermo Scientific, USA) using MgO as a standard sample. 

Dispersion of Ag particles (fraction of Ag atoms exposed, DAg) and particle 

size (dH2-O2 = 1.34/DAg for spherical crystallites of silver [48]) was calculated from 

H2-O2 titration data assuming that the monolayer of adsorbed oxygen corresponds to 

Oads/Agsurface = 1/3 [49] and stoichiometry of H2/Oads = 1 [50,51, ]. The Ag/SiO2 

catalyst (oxidized in air at 500 °C and reduced in H2/Ar at 200 °C) was pretreated 



 

 

in 5% O2/He at 300 °C for 0.5 h followed by reduction in H2/Ar at 300 °C for 0.5 h 

before the experiments. Oxygen was adsorbed at 170 °C (5% O2/He, 30 ml/min, 

0.5 h) and titration of the adsorbed oxygen was performed in a pulse mode at 170 

°C by injecting of 500 μl of 10% H2/Ar in the Ar flow (30 ml/min). 

Pulse chemisorption of CO was carried out using ChemiSorb2750 analyzer 

coupled with UGA-300. The Ag/SiO2 catalyst was oxidized in air at 500 °C, reduced 

in H2/Ar at 200 °C and then reoxidized at 25 °C in 5% O2/He flow prior to the 

experiments. Then He flow (20 ml/min) was switched on and consecutive pulses of 

5% CO/He mixture (500 μl) were injected at 25 °C. 

3. Results and discussion 

3.1. Support characterization 

Table 1 shows textural properties of the obtained silica samples and values of 

concentration of surface OH groups after different thermal treatments. All supports 

have a mesoporous structure   with pore   width   of 5-30   nm (See Fig. A1 (a,b), 

Appendix A), therefore, the effect of pore size on the dispersion of silver 

nanoparticles is negligible. An increase of calcination temperature to up to 900 °C 

results in decreasing of the surface area and pore volume due to partial sintering of 

the structure under the elevated temperature. Variation of calcination temperature 

provides different concentration of OH groups normalized to support mass (µmol/g) 

or surface area of silica (OH/nm2) according to the TPD-H2O data (See Fig. A2, 

Appendix A). Three regions of water desorption can be marked according to the 

model proposed by Zhuravlev [Error! Bookmark not defined.]. Physically 

adsorbed water desorbs completely after outgassing of silica in vacuum up to 190-

200 °C. The vicinal OH groups bound through the hydrogen bond can be removed at 

temperature 200-400 °C in vacuum with the formation of siloxane bridges.The 

process of desorption of isolated OH groups is characterized by slow velocity and 

occurs at temperature exceeding 400 °C in vacuum. A desorption of chemically 

bound water for calcined samples at temperatures above 200 °C in our case is 

connected with partial rehydroxylation of the silica surface during soaking of silica 

in water according to the scheme: 



 

 

≡Si-O-Si≡ + H2O → 2 ≡Si-OH 

In addition, this process takes place during impregnation of silica with aqueous 

solution of AgNO3. Reaction ability of siloxane bridges with respect to water 

depended on the pretreatment temperature, type of silica, and its preparation 

conditions. 

3.2. Catalyst characterization 

3.2.1. Effect of redox treatments on the silver state depending on the 

concentration of OH groups 

To investigate the silver states on the silica surface the UV-visible DRS was 

used. Fig.1 shows the electron diffuse reflectance (DR) spectra for the prepared 

5Ag/SiO2 samples (5 wt. % of silver) and the corresponding images of the samples 

after the cyclic TPO/TPR/TPO treatment. Surface plasmon resonance (SPR) of 

metallic silver particles was not observed for all Ag/SiO2 catalysts after oxidative 

treatment at 500 °C in air flow, therefore, silver is oxidized into AgOx (x<0,5) 

species. Absorption band at ~250-280 nm is attributed to silver clusters Agn
δ+ 

according to [Error! Bookmark not defined.]. Subsequent reduction of the samples 

at 200 °C in H2/Ar results in appearance of the SPR (wide band with a maximum at 

~450 nm) [52]. 

The most interesting phenomenon is observed after the second oxidative 

treatment at 500 °C in air. It is clearly seen that the SPR band almost disappears 

for the Ag/SiO2-500 sample. According to TPR-H2 data (See Table A1, Appendix 

A), the quantity of the consumed hydrogen after reoxidation of Ag/SiO2-500 sample 

decreases only by 7.5 % in comparison with the initial oxidized state. At the same 

time, the band of SPR remains after the second oxidative treatment of Ag/SiO2-700 

and Ag/SiO2-900 samples, but shifts from 450 to 427-436 nm due to decreasing of 

the Ag particle size [Error! Bookmark not defined., 53]. The quantity of consumed 

hydrogen for the Ag/SiO2-700 and Ag/SiO2-900 samples after the reoxidation 

decreases by 36.5 and 51.6 %, respectively, in comparison with the initial oxidized 

states. Thus, only partial redispersing and oxidation of 



 

 

silver particles occurs for the catalyst with low concentration of OH groups, while 

for the catalyst with high concentration of OH groups, both redispersing and 

oxidation of silver particles are almost fully reversible. Different properties and 

activity of silver particles supported on silica with high and low concentration of OH 

groups may be associated with the weakening of metal–support interaction caused 

by a decreasing of the concentration of OH groups. This hypothesis was confirmed 

by detailed investigation of Ag/SiO2 samples. 

3.2.2. Effect of OH groups on the dispersion of AgOx species 

The XRD patterns for oxidized 5Ag/SiO2 samples   are presented   in Fig. 

A3 (a), Appendix A. Intensity of diffraction peak at 2θ~33° attributed to silver oxide 

phase increases for Ag/SiO2-700 and Ag/SiO2-900 in comparison with the Ag/SiO2-

500 sample. According to calculations by Scherrer’s equation, the average sizes of 

silver oxide particles for Ag/SiO2-700 and Ag/SiO2-900 are equal to 7.0 and 11.3 

nm, respectively. Particle sizes for Ag/SiO2-500 sample are close to detection limit 

of the XRD (about 3 nm). 

To study the properties of the AgOx species formed after the oxidative 

pretreatment of the catalysts TPD-O2 experiments were carried out. Fig. 2 shows the 

mass spectra of O2 evolution for Ag/SiO2 catalysts after the oxidative pretreatment 

at 500 °C and bulky Ag2O used as a reference. Two high temperature desorption 

peaks with a maximum at ~660-700 °C and ~760-780 °C, respectively, and one low 

temperature peak at 580-600 °C are observed for the Ag/SiO2 samples. The value 

of ΔGr for reaction «2Ag + 1/2O2 = Ag2O» for small Ag particles is lower (more 

negative) than for large particles and bulky silver in accordance with thermodynamic 

calculation [54]. In other words, the existence of small and highly dispersed Ag2O 

particles is more beneficial then bulky Ag2O. Indeed, bulky Ag2O with mean 

crystallite sizes of 39 nm (according to XRD) decomposes at 390 °C, while the 

dispersed AgOx species on the surface of silica decompose at temperatures above 

600 °C according to our TPD-O2 data. Taking into account the thermodynamic 

calculations [Error! Bookmark not defined.] 



 

 

and XRD data, we concluded that the low temperature desorption peak for Ag/SiO2 

samples may be associated with decomposing of relatively large Ag2O particles (~10 

nm or more), and the high temperature desorption peaks may be attributed to 

decomposing of the highly dispersed AgOx species (<3 nm), particularly, clusters 

of silver oxide. 

Fig. 3 shows the relationship between calcination temperature of silica and 

oxygen desorption temperature for Ag/SiO2 catalysts containing 5 and 8 wt. % of 

silver. One can see that the increase of the pre-calcination temperature of support as 

well as increase of silver loading in the catalysts lead to diminishing of oxygen 

desorption temperature caused by weakening of metal–support interaction and 

increase of sizes of AgOx particles. It was previously reported that the desorption 

temperature of oxygen for Ag/SiO2 catalysts is associated with a degree of metal– 

support interaction [55]. Taking into account the TPD-O2 data, the molar ratio 

between the amounts of OH groups (normalized to support mass) and silver amount 

in the prepared catalyst (OH/Ag ratio) was considered as a crucial feature of Ag/SiO2 

catalysts. Thus, the TPD-O2 and XRD data confirm the hypothesis about formation 

of relatively large Ag2O particles caused by weakening of metal– support interaction 

for supports with low concentration of OH groups. 

Fig. 4 shows the H2-TPR profiles for 5Ag/SiO2 catalysts after the oxidative 

pretreatment at 500 °C and bulky Ag2O used as a reference sample. TPR-H2 data are 

reported in Table A1, Appendix A. Two regions of hydrogen consumption are 

observed for Ag/SiO2 catalysts. Low-temperature region (from -50 to 200 °C) 

contains three intensive peaks, which may be associated with reduction of different 

oxidized species: type I (Tmax= 40-63 °C), type II (Tmax = 86-93 °C) and type III (Tmax 

=108 °C). High temperature region (from 350 to 600 °C) contains a broad peak with 

low intensity at ~370-460 °C, which may be associated with reduction of silver 

species strongly interacting with the silica support surface (namely Si-O-Ag) [56]. 

The amount of these species is small due to relatively low negative charge of silica 

surface at pH~7. Only one peak of hydrogen consumption at 187 °C was observed 

for bulky silver oxide. Species of types I and II may be attributed to 



 

 

highly dispersed AgOx species (x<0.5 in accordance with TPR), particularly, clusters 

of silver oxide. Amount of Ag2O species grows with increasing of the silica 

support calcination temperature according to the XRD data, therefore, species of 

type III may be attributed to Ag2O particles. 

The 5Ag/SiO2-500 and 5Ag/SiO2-900 samples were investigated by the TGA-

DSC-MS after the impregnation procedure. The obtained results are shown in Fig. 

A4 (a, b), Appendix A. It is clearly seen that the decomposition of supported AgNO3 

for the Ag/SiO2-500 sample occurs via one step in the temperature range of 180-420 

°C and is accompanied by the exothermic effect. At the same time, the 

decomposition of the supported AgNO3 for Ag/SiO2-900 sample is a two-step 

process. The first stage of the mass loss in the range of 180-350 °C is accompanied 

by exothermic effect, while the endothermic effect was observed for the second stage 

of mass loss at 360-480 °C. Appearance of two distinct thermal effects 

accompanying the decomposition of the AgNO3 may be associated with different 

states of supported precursor. Decomposition of crystalline AgNO3 is an 

endothermic process according to the thermodynamic calculations (ΔH°298 = 

157.5 kJ/mol), therefore exothermic effect may be associated with the 

decomposition of amorphous AgNO3, and endothermic effect attributed to 

crystalline AgNO3. Formation of two different states of AgNO3 on the surface of 

Ag/SiO2-500 and Ag/SiO2900 samples may be explained as follows. In the course 

of the impregnation procedure in aqueous solution silver ions adsorb on the 

negatively charged surface of SiO2 (the isoelectric point for different silica ranged 

from 1 to 3 [57]) according to the scheme: 

Si-OH → Si-O- + H+ (ionization of silanol groups), 

Si-O- + Ag+ → Si-O-Ag (adsorption of silver ions). 

The Si-O-Ag species act as nucleuses for deposition of AgNO3 on the surface of 

silica. High concentration of the surface OH groups provides the formation of high 

amount of nucleuses, and, thus, the amorphous layer of AgNO3 is precipitated on the 

SiO2-500 support. At low concentration of the OH groups for SiO2-900 support a 

homogeneous crystallization of AgNO3 in the solution followed by deposition of 



 

 

salt crystallites on the surface occurs. Subsequent decomposition of the supported 

AgNO3 in the oxidative atmosphere results in formation of AgOx species with 

different dispersion and strength of interaction with silica surface. 

To summarize, the first oxidative pretreatment of the 5Ag/SiO2 catalysts at 

500 °C (decomposition of AgNO3 accompanied by oxidation of silver particles) 

leads to formation of oxidized silver species with different dispersion. The highly 

dispersed AgOx species are observed for 5Ag/SiO2-500 sample, while for the 

5Ag/SiO2-700 and 5Ag/SiO2-900 samples the formation of relatively large Ag2O 

particles also occurs. Silanol groups of silica are able to stabilize highly dispersed 

AgOx species and prevent their aggregating. When the concentration of silanol group 

decreases, highly dispersed AgOx species agglomerate with formation of relatively 

large oxide particles. The similar tendency takes place when silver loading in the 

catalyst increases, since higher amount of silver ions are shared over single OH 

group. Thus, the molar ratio between amounts of OH groups (normalized to support 

mass) and silver loading in the prepared catalyst (OH/Ag ratio) can be considered 

the key parameter characterizing the Ag/SiO2 catalysts. 

3.2.3. Effect of OH groups on the dispersion of silver nanoparticles 

The H2 pretreatment at 200 °C of oxidized samples results in the formation 

of metallic silver NPs according to the XRD (See Fig. A3 (b), Appendix A). 

Dispersion of silver particles was calculated for all samples using the H2-O2 titration 

method and TEM. Fig. 5 shows the TEM images and corresponding particle size 

distributions for the 5Ag/SiO2-500, 5Ag/SiO2-700 and 5Ag/SiO2-900 samples. It is 

clearly seen that the particle size distribution for the Ag/SiO2-500 catalyst is uniform, 

and a predominant part of Ag NPs has sizes of 1-3 nm. However, the particle size 

distribution for the 5Ag/SiO2-700 and 5Ag/SiO2-900 catalyst is not uniform. Silver 

particles with sizes of 3-6 nm as well as those with sizes of 1-3 nm are observed for 

5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts. Moreover, silver particles with sizes 

above 10 nm are observed for 5Ag/SiO2-900 catalyst. Broadening of the particle 

size distribution leads to increase of the 



 

 

average particle sizes for the supports with low concentration of OH-groups. The 

fact of the matter is that reduction of highly dispersed AgOx species leads to the 

formation of small Ag NPs with sizes of 1-3 nm, while the reduction of large Ag2O 

particles produces the silver particles with the larger sizes. An increase of Ag particle 

sizes for 8Ag/SiO2 catalysts in comparison with those of 5Ag/SiO2 was also 

observed. In general, a dispersion of Ag particles depends on the OH/Ag ratio. Fig. 

6 shows the correlation between the silver dispersion and OH/Ag ratio for the 

prepared catalysts. One can see that the dispersion of silver measured by H2-O2 

titration method decreases with reduction of OH/Ag ratio. Fig. 7 shows the TEM 

images and relevant Fourier patterns for the 5Ag/SiO2-500 and 5Ag/SiO2-900 

catalysts. Fourier pattern for the 5Ag/SiO2-900 are presented by circle reflexes 

corresponding to the interplanar distances of metallic silver (d111=0.23 nm), while 

point reflexes from planes (111) are observed for the 5Ag/SiO2-500 sample. Thus, 

silver NPs on the surface of 5Ag/SiO2-900 catalyst consist of several crystal 

domains. Earlier we reported about the formation of silver NPs with domain structure 

for the Ag/SiO2-900 catalyst prepared on basis of sol-gel silica [58]. 

To summarize, the concentration of OH groups on the silica surface (or OH/Ag ratio) 

affects both the dispersion of Ag nanoparticles and their structure. Reduction of large 

AgOx particles leads to formation of larger silver particles consisting of several 

crystal nanodomains. Formation of domain structure for large Ag NPs is connected 

with the higher probability of simultaneous formation of several metallic silver 

nucleuses during the reduction in H2/Ar. 

3.2.4. Catalytic activity of Ag/SiO2 catalysts in CO oxidation 

Fig. 8 shows the dependencies of CO conversion on the reaction temperature 

for the Ag/SiO2 catalysts (5 and 8 wt. % Ag) subjected to oxidative pretreatment at 

500 °C followed by reduction at 200 °C. According to the catalytic data, the 

activity of 5Ag/SiO2-700 catalyst is higher than the one for the 5Ag/SiO2-500. 

However, the activity of 5Ag/SiO2-900 is lower in comparison with those for 

5Ag/SiO2-700 and 5Ag/SiO2-500 samples at temperature range of 45 – 130 °C. 

Values of T98 are equal to 105, 58 and 128 °C for 5Ag/SiO2-500, 5Ag/SiO2-700 



 

 

and 5Ag/SiO2-900 catalysts, respectively. Decreasing of the catalytic activity for 

5Ag/SiO2-900 in comparison with the 5Ag/SiO2-700 sample is associated with 

sintering of the SiO2-900 support and low dispersion of silver particles, and, hence, 

the lowest amount of active sites that it was shown in Section 3.2.3. 

From Fig. 8 (b) one can see that the activities of 8Ag/SiO2-500 and 8Ag/SiO2-

700 catalysts are similar. Decreasing of catalytic activity for 8Ag/SiO2-900 in 

comparison with other two samples may be associated with low dispersion of silver, 

as in the case of 5Ag/SiO2-900 catalyst. It is noteworthy that the activity of catalysts 

prepared on the basis of SiO2-500 support grows up with an increase of silver 

loading. Values of T98 are equal to 66 and 105 °C for 8Ag/SiO2-500 and 5Ag/SiO2-

500 catalysts, respectively. However, for SiO2-700 support an opposite effect was 

observed. Values of T98 are equal to 73 and 58 °C for 8Ag/SiO2-700 and 5Ag/SiO2-

700 catalysts, respectively. Catalytic activity of 5Ag/SiO2-900 and 8Ag/SiO2-900 

catalysts was similar. Thus, the optimal loading of silver in the catalysts depends on 

the concentration of OH groups on the silica surface. It is noteworthy that the 

conversion curves for the 5Ag/SiO2-700, 5Ag/SiO2-900, 8Ag/SiO2-500 and 

8Ag/SiO2-700 catalysts are characterized by double-peak activity. Conversion of CO 

grows with an increasing of temperature in the range from -50 °C to RT, however, 

after that a reduction of CO conversion (deactivation) is observed. Starting from ~35 

°C conversion increases again. 

Some of Ag/SiO2 catalysts were tested in operation conditions close to those 

typical for air purification devices (~115 ppm CO in atmospheric air, T=29 °C, 

flow rate of 100 ml/min, catalyst volume 0.5 cm3). The data is presented in Fig. A5, 

Appendix A. The Ag/SiO2 catalysts demonstrate high activity (CO conversion 

≥80 %) and stability during 20 h on-stream. 

Table 2 shows the comparison of the most active Ag/SiO2 catalysts prepared 

in this work and the catalysts described in the literature sources for the last 5 years. 

One can see that the activity of the prepared Ag/SiO2 catalysts in terms of T98 and 

TOF is higher or close to those for the catalysts presented in the literature. On the 

other side, a specific catalytic activity for our samples is higher due to relatively 



 

 

low surface area. Moreover, we used higher GHSV and lower concentration of 

oxygen in the reaction mixture. 

To explain the double-peak activity and different catalytic properties of the 

Ag/SiO2 samples additional experiments with pulse CO chemisorption were carried 

out. Fig. 9 shows the evolution of CO2, O2 and CO concentrations in course of CO 

pulse adsorption at RT on the 5Ag/SiO2-500 and 5Ag/SiO2-700 catalysts subjected 

to oxidative pretreatment at 500 °C followed by reduction at 200 °C and re-

adsorption of oxygen at 25 °C. One can see that the first impulse of CO (marked with 

arrow) is almost completely absorbed without CO2 emission into the gas phase, 

while the second and the subsequent impulses are partially absorbed and 

accompanied by CO2 releasing. This means that some active sites on the surface of 

both catalysts are able to oxidize CO with formation of adsorbed carbonate species 

which are stable at RT. Another part of active sites also reacts with CO at RT, 

however, CO2 release occurs immediately. In other words, two types of active sites 

exist on the surface of all Ag/SiO2 catalysts, however, only one of them provides CO 

oxidation at RT because it does not retain CO2. 

Cao et al. investigated the oxidation of CO by silver clusters AgnO
- (n=1-8). 

It was shown by DFT calculation that AgnO
- (n = 1, 2, 5-8) with terminal or bridging 

oxygen atoms generated free CO2, and the quasi-linear structures of AgnO
- (n = 3, 

4) generated chemically bonded CO2 on silver [59]. Thus, theoretical investigations 

confirm the hypothesis about formation of two types of active sites on the silver 

surface with different ability to adsorb CO2. We may conclude that double-peak 

activity in CO oxidation observed for some Ag/SiO2 catalysts is associated with 

formation of carbonate species on the surface. The observed partial deactivation of 

the catalysts during CO oxidation at near-ambient temperatures is connected with 

blocking of active sites by adsorbed CO2. When the temperature increases to up to 

35 °C the carbonate species start to decompose and, hence, the activity grows up. 

However, the absence of double-activity peak for the 5Ag/SiO2-500 catalyst is still 

not clear. 

3.2.5. Investigation of reaction ability of adsorbed oxygen species 



 

 

According to the literature data [Error! Bookmark not defined., Error! 

Bookmark not defined.], the Ag/SiO2 catalysts should be reduced in H2 flow at 

200-300 °C to achieve the highest catalytic activity in CO oxidation. However, the 

nature of active sites that participate in low-temperature CO oxidation is not 

discussed. Formation of subsurface oxygen is the prevalent point of view to explan 

the activity of Ag/SiO2 composites [Error! Bookmark not defined., Error! 

Bookmark not defined.]. Here we present new insights on the catalytic activity of 

Ag/SiO2 catalysts. 

To explore the reaction ability of adsorbed oxygen species TPR-H2 and TPSR-

CO experiments were carried out. Fig. 10 shows the TPR-H2 profiles for the 

5Ag/SiО2 catalysts after oxidative pretreatment at 500 °C followed by reduction in 

H2 at 200 °C, and adsorption of oxygen at 25 °C. TPR-H2 data are reported in Table 

A1, Appendix A. Two regions of hydrogen consumption can be marked. In the low-

temperature region the intensive peaks with Tmax = 83-100 °C are observed for all 

samples. Weak broad peaks in the range of 350-500 °C and 450-550 °C are observed 

in the high temperature region only for the 5Ag/SiO2-500 and 5Ag/SiO2-700 

samples, respectively (see the inset). High temperature peaks are attributed to 

reduction of Si-O-Ag species [Error! Bookmark not defined.] as mentioned above, 

while low-temperature peaks may be associated with reaction of adsorbed oxygen. 

It is noteworthy that the low-temperature peaks of H2 consumption for the Ag/SiO2-

700 and Ag/SiO2-900 samples consist of two overlapped peaks with similar value of 

Tmax, however, only a single low-temperature peak was observed for Ag/SiO2-500 

sample. Thus, several types of adsorbed oxygen may exist on the surface of Ag/SiO2-

700 and Ag/SiO2-900 catalysts. Total amount of oxygen atoms adsorbed at 25 °C 

was equal to 56, 51 and 

33 µmol/g for the Ag/SiO2-500, Ag/SiO2-700 and Ag/SiO2-900 catalysts, 

respectively. 

Reaction ability of the active sites toward CO was investigated by means of 

TPSR-CO. Fig. 11 shows the CO2 desorption profiles after adsorption of CO at 

-70°C on the 5Ag/SiO2 catalysts subjected to oxidative pretreatment at 500 °C 



 

 

followed by the reduction at 200 °C and re-adsorption of oxygen at 25 °C. 

Desorption peak of CO2 in the range of ~40-180 °C is observed only for the 

5Ag/SiO2-700 and 5Ag/SiO2-900 samples. The concentration of CO2 desorbed from 

the surface of 5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts and calculated from 

desorption peak area is ~21 and ~14 µmol/g, respectively. This means that the 

adsorption and oxidation of CO at -70 °C occurs with formation of adsorbed 

carbonate species only on the surface of 5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts. 

Thus, the reaction ability of the adsorbed oxygen on the surfaces of 5Ag/SiO2-500 

and 5Ag/SiO2-700, 5Ag/SiO2-900 catalysts is different. Active sites on the surface 

of the 5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts are much more reactive in 

comparison with those of the 5Ag/SiO2-500. High reaction ability of the adsorbed 

oxygen may be associated with low strength of Ags-Oads bond. 

Fig. 12 shows the TPD-O2 profiles for the 5Ag/SiO2 catalysts after oxidative 

pretreatment followed by reduction at 200 °C and re-adsorption of oxygen at 25 

°C. After deconvolution procedure, the peaks for three types of adsorbed oxygen 

are observed: two low-temperature species at ~390-420 and 490-560 °C, 

respectively, and a high temperature species at 670-740 °C. High temperature 

species is observed for all samples, however, the low-temperature peak at 

~390-420 °C appears only for the Ag/SiO2-700 and Ag/SiO2-900 samples. 

Moreover, the amount of another low-temperature species is higher for the Ag/SiO2-

700 and Ag/SiO2-900 samples in comparison with those of Ag/SiO2-500. These low-

temperature species provide high activity of Ag/SiO2-700 and Ag/SiO2-900 in CO 

oxidation. 

3.2.6. Tentative scheme of CO oxidation at RT 

The changing of oxygen desorption temperature may be associated with 

different nature of Ags-Oads bonds. Low-temperature species at 390-420 °C is similar 

to oxygen of bulk Ag2O with the same desorption temperature, whereas the nature 

of the high-temperature form is different. Adsorption of several oxygen species for 

Ag/SiO2-700 and Ag/SiO2-900 catalysts may be associated with 



 

 

multidomain structure of Ag NPs that was shown early for the Ag/SiO2-900 catalyst 

in [Error! Bookmark not defined.]. Adsorption of weakly bound oxide- like 

oxygen species with high reaction ability toward CO on the surface of the Ag/SiO2-

700 and Ag/SiO2-900 samples probably occurs with participation of the extended 

intergrain boundaries of defective Ag NPs. As known, oxygen of Ag2O is strongly 

ionic by its nature, and Ag-O bond is polarized [60]. Adsorption of strongly ionic 

oxygen with Eb (O1s)<529 eV over silver NPs having defective structure prepared 

by thermal evaporation of silver and sputtering of the silver electrode by radio-

frequency discharge in oxygen-containing atmosphere was mentioned in [Error! 

Bookmark not defined.]. Existence of two different types of oxygen on the silver 

surface was described in [Error! Bookmark not defined., 61,62, , 63]. The first 

type is so called “nucleophilic” (ionic) oxygen with effective charge of 1.65 e, and 

the second type is “electrophilic” (covalent) oxygen with effective charge of 0.35 e 

[64, 65]. When nucleophilic oxygen adsorbs on the silver surface, the additional 

delocalization of electron density with formation of Lewis Ag+ sites occurs [Error! 

Bookmark not defined.]. The Ag+ sites may be favorable for adsorption and 

activation of CO molecules. 

Weakly bound oxygen species possess the high reaction ability toward CO 

that was confirmed by TPSR-CO. From this point of view, appearance of double-

peak activity for 5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts in catalytic experiments 

may be associated with high rate of CO oxidation at subambient temperatures (from 

-50 to 10 °C) and accumulation of adsorbed carbonates on the surface. Adsorption 

of CO2 on active sites leads to gradual decreasing of catalytic activity. Increase of 

reaction temperature leads to decomposition of adsorbed carbonate species and 

growth of CO conversion. Absence of active sites with high reaction ability on the 

surface of 5Ag/SiO2-500 leads to low rate of CO oxidation at subambient 

temperatures, and hence, no visible deactivation is observed. In other words, 

reaction of CO oxidation starts at higher temperatures for 5Ag/SiO2-500 in 

comparison with 5Ag/SiO2-700 and 5Ag/SiO2-900 catalysts. However, for 

8Ag/SiO2-500 catalyst a considerable amount of weakly bound 



 

 

oxygen species appears due to formation of defective Ag NPs (See Fig. A6, 

Appendix A), and hence, double-peak activity in CO oxidation is observed for 

8Ag/SiO2-500. Thus, all catalysts with low OH/Ag ratio are characterized by the 

presence of highly reactive oxygen species and double-peak activity in CO 

oxidation. 

Fig. 13 shows the correlation between the OH/Ag ratio and TOFs (calculated 

per amount of surface silver atoms according to H2-O2 titration data) at 50 °C for the 

Ag/SiO2 catalysts prepared in this work and in [Error! Bookmark not defined.]. 

One can see the volcano-shape dependency of TOF values on OH/Ag ratio for the 

5Ag/SiO2, which is caused by simultaneous changing of dispersion and structure of 

the Ag NPs. Formation of silver NPs possessing high dispersion and monodomain 

structure occurs at OH/Ag ratios above 2. These NPs are not so highly active in CO 

oxidation. Formation of defective Ag NPs having relatively high dispersion occurs 

at optimal OH/Ag ratio (~0.8-1.5). These NPs possess high activity due to weakly 

bound oxygen species adsorbed on the surface. Dispersion of silver nanoparticles 

decreases significantly at OH/Ag ratios below 0.5, and hence, the activity in CO 

oxidation drops. Thus, high activity in CO oxidation may be achieved only at optimal 

value of the OH/Ag ratio. However, the activity of Ag/SiO2 catalysts, containing 8 

wt. % of silver, grows up slowly with increasing of the OH/Ag ratio. We deduced 

that the properties of the support influence on the catalytic activity in a lesser extent 

for the Ag/SiO2 catalysts with a high silver loading. The TOF values for the 

8Ag/SiO2 samples are lower in comparison with those for the 5Ag/SiO2 except for 

the catalysts prepared on the basis of SiO2-500 support. There are two reasons for 

this phenomenon. Firstly, the amount of active sites decreases due to lowering of 

silver dispersion with an increase of silver content. Secondly, the reaction rate 

(TOFs) are normalized on the higher amount of silver atoms. 

In this paper, we assume the nature of different active sites on the surface of 

Ag/SiO2 catalysts. Fig. 14 shows the tentative scheme of CO oxidation at RT on 

the Ag/SiO2 catalysts with different OH/Ag ratio. Oxygen species adsorbed on the 



 

 

silver NPs near the silica–silver interface (marked with black color on the image) 

have lower effective charge in comparison with other species due to delocalization 

of electron density caused by metal–support interaction. Formation of Agδ+ sites 

even after reduction of Ag/SiO2 catalysts at 500 °C in H2 was confirmed by FTIR 

of adsorbed CO [Error! Bookmark not defined.]. Basicity of adsorbed oxygen 

species depends on their effective charge. Decreasing of oxygen effective charge 

leads to lowering of basicity. As a consequence, CO2 formed after interaction of CO 

molecule with this type of adsorbed oxygen species desorbs easily at RT. Another 

type of oxygen (marked with blue color in the image) has higher effective charge 

and may adsorb weakly bound carbonate species (probably, monodentate species) 

that decomposes above room temperature. For defective Ag NPs an adsorption of 

additional form of weakly bound oxygen species (marked with white color in the 

image) occurs at the extended intergrain boundaries. These species have high 

reaction ability and, as a consequence, react with CO even at subambient 

temperatures. 

Briefly, silver NPs with appropriate dispersion and defective structure may 

adsorb weakly bound oxygen species which are responsible for high catalytic 

activity in CO oxidation. The OH/Ag ratio plays a crucial role in designing of highly 

effective Ag/SiO2 catalysts. 

4. Conclusion 

 
The Ag/SiO2 catalysts (5 and 8 wt. %) prepared on the basis of silica calcined 

at 500, 700 and 900 °C were investigated. Active surfaces of the catalysts were 

characterized in details. For the first time, the OH/Ag ratio (molar ratio between the 

concentration of surface SiOH groups normalized to support mass and silver amount 

in the prepared catalysts) has been proposed for Ag/SiO2 catalysts as a crucial factor 

to achieve high activity in CO oxidation. Formation of Ag nanoparticles with 

different dispersion and structure is observed after oxidative pretreatment (500 °C) 

followed by reduction of the catalysts by H2/Ar at 200 °C. The dispersion of silver 

NPs decreases with lowering of OH/Ag ratio. Moreover, 



 

 

silver NPs in the catalysts with low OH/Ag ratio possess the defective structure 

(consisted of several crystal nanodomains). 

Two types of active sites with respect to CO2 adsorption ability are shown to 

exist on the surface of Ag/SiO2 catalysts. The first type of active sites is catalytically 

active at room temperature because it does not adsorb CO2. The second type may 

retain surface carbonate species that start decomposing only at 

~ 40-50 °C. 

The OH/Ag ratio influences on the redispersing of silver particles under 

repeated oxidative pretreatment at 500 °C. Full redispersing and oxidation of silver 

nanoparticles with formation of AgOx species is observed for the catalyst with 

OH/Ag ratio above 2. At the same time, only partial redispersing and oxidation of 

Ag nanoparticles occurs in the case of the lower OH/Ag ratio (<1.5). 

Silver nanoparticles are shown to be able to adsorb several oxygen species at 

RT with different strength of Ag–O bond. The presence of weakly bound oxygen 

species with high reaction ability toward CO (even at -70 °C) is observed for the 

Ag/SiO2 catalysts with low OH/Ag ratio. These species are probably adsorbed on 

the extended intergrain boundaries of defective Ag nanoparticles. Weakly bound 

oxygen species provid high activity in CO oxidation at low temperatures. However, 

the dispersion of Ag nanoparticles as well as weakly bound oxygen species play a 

crucial role. Only at optimal value of OH/Ag ratio (0.8-1.5) the defective Ag NPs 

with relatively high dispersion (d = 3-5 nm) and, hence, high concentration of active 

oxygen species, may be obtained. When silver dispersion diminished significantly 

with decreasing of the OH/Ag ratio, the catalytic activity drops (OH/Ag<0.5). On 

the other hand, silver NPs with sizes 1-3 nm (high dispersion) formed at OH/Ag>2 

do not adsorb weakly bound oxygen, hence, the activity of the catalysts is not high. 

The dependency of turnover frequency (TOF) for the Ag/SiO2 catalysts on the 

OH/Ag ratio is a volcano-shape one due to simultaneous changing of dispersion and 

structure of the Ag NPs. Thus, high activity in CO oxidation may be achieved at 

optimal value of the OH/Ag ratio. 
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Fig. 1. UV-visible DR spectra (left) for 5Ag/SiO2-500 (a), 5Ag/SiO2-700 (b), 

5Ag/SiO2-900 (c) samples and corresponding photographs of the samples (right) 

after cyclic TPO/TPR/TPO treatment 

 

 

Fig. 2. TPD-O2 profiles for Ag/SiO2-500 (a), Ag/SiO2-700 (b) and Ag/SiO2-900 (c) 

catalysts, containing 5 and 8 wt.% of silver after oxidative pretreatment at 500 °C 

and bulky Ag2O 

 

 
Fig. 3. Interrelation between OH/Ag ratio (above columns), calcination temperature 

of silica and maximum temperature of oxygen desorption for Ag/SiO2 catalysts, 

containing 5 and 8 wt. % of silver 



 

 

 

 

 

Fig. 4. TPR-H2 profiles for 5Ag/SiO2-500, 5Ag/SiO2-700, 5Ag/SiO2-900 catalysts 

and bulky silver oxide 

 

 

Fig. 5. TEM images (left) of 5Ag/SiO2-500 (a), 5Ag/SiO2-700 (b) and 

5Ag/SiO2-900 (c) catalysts and corresponding particle size distributions (right) 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Correlation between ratio OH/Ag and silver dispersion measured by H2-O2 

titration method 



 

 

 

 
 

Fig. 7. TEM images and relevant Fourier patterns for 5Ag/SiO2-500 and 

5Ag/SiO2-900 catalysts 

 

 
Fig. 8. Catalytic properties of 5Ag/SiO2 (a) and 8Ag/SiO2 (b) catalysts in CO 

oxidation after oxidative pretreatment at 500 °C followed by reduction at 200 °C 

 



 

 

Fig. 9. Evolution of CO, O2, and CO2 concentration during pulse CO adsorption on 

the 5Ag/SiO2-500 and 5Ag/SiO2-700 catalysts at RT 

 

 
Fig. 10. TPR-H2 profiles for 5Ag/SiО2 catalysts after oxidative pretreatment 

followed by reduction in H2 at 200 °C and adsorption of oxygen at 25 °C 

 

 
Fig. 11. TPSR-CO profiles (CO2 desorption traces) for Ag/SiO2 samples (5 wt. %) 

after adsorption of CO at -70 °C 



 

 

 

 

 

Fig. 12. TPD-O2 profiles for 5Ag/SiO2 catalysts after oxidative pretreatment at 

500 °C followed by reduction at 200 °C and re-adsorption of oxygen at 25 °C 

 

 

Fig. 13. Dependence of TOFs from ratio OH/Ag for different Ag/SiO2 catalysts 

prepared in this work and in [58] 



 

 

 

 
 

Fig. 14. Tentative scheme of CO oxidation at RT on the Ag NPs with different 

dispersion and structure 

 



 

 

Table 1. Properties of SiO2 supports 
 

Support SBET, m2/g Vp, cm3/ga
 Davg, nmb

 [OH]200-900, µmol/g (OH/nm2) c 

SiO2-500 177 0.70 15.8 1109 (3.8) 

SiO2-700 165 0.67 16.2 640 (2.3) 

SiO2-900 41 0.21 20.6 184 (2.7) 

a Total pore volume at p/po = 0.99 

b Average pore diameter calculated as Davg = 4Vp/SBET 

c Quantity of OH groups desorbed in the temperature range from 200 to 900 °C in accordance 

with TPD-H2O data and calculated by Eq. A1 and Eq. A2 (See Appendix A) 

 

 

Table 2. Comparison of catalytic activity in CO oxidation for different 

Ag/SiO2 catalysts 
 

 

 

 
Catalyst 

 

Ag, 

wt.% 

 
Specific 

activity·10-6, 

Reaction conditions 

TOFb,  

h-1 

 

 
Ref. 

CO CO/O2 

 

 

 

 

 

 

 

 
 

a Catalytic activity calculated in accordance with value of specific surface area of the 

catalyst by Eq. A3 (See Appendix A) 
b Catalytic activity calculated as mol-CO/(mol-Ag*h) in accordance with total silver 

loading in the catalysts (different silver dispersion was ignored) by Eq. A4 (See Appendix A) 

 mol-CO/(m2*h) a 
GHSV, T, X ,  

  ml/(g·h) °С % 

Ag/SBA-15 8 6.2 5.0 9000 65 100 1/20 [39] 
Ag/HMS 2.7 4.0 14.7 9000 100 100 1/20 [37] 

Ag/SiO2-500 8 30.0 6.5 12000 66 98 1/1 [This work] 
Ag/SiO2-700 5 36.0 10.4 12000 58 98 1/1 [This work] 

Ag/HMS 2.8 3.6 15.2 9000 20 98 1/20 [17] 

Ag/KIT-6 3.78 9.0 10.5 9000 90 100 1/20 [19] 

Ag/SBA-15 8 6.1 4.9 9000 60 98 1/20 [24] 

Ag/SBA-15 1.42 9.5 27.4 9000 20 98 1/20 [33] 

 


